Whole genome duplication can have large impacts on genome evolution. However, much remains 29 unknown about these impacts, such as the mechanisms of coping with a duplicated sex determination 30 system, which may result in increased sex determination mechanism diversity. Sexual conflict (i.e. alleles 31 having different optimums in each sex) can result in sequestration of genes into non-recombining sex 32 chromosomes. Development of sex chromosomes may involve heterochiasmy (i.e. sex-specific 33 recombination rate), which is also poorly understood. Family Salmonidae is a model system for these 34 phenomena, having undergone autotetraploidization and subsequent rediploidization in most of the 35 genome at the base of the lineage. The salmonid master sex determining gene is known, and many species 36 have non-homologous sex chromosomes, putatively due to transposition of this gene. In this study, we 37 identify the sex chromosome of Brook Charr Salvelinus fontinalis and compare sex chromosome 38 identities across the lineage (eight species, four genera). Although non-homology is frequent, homologous 39 sex chromosomes and other consistencies are present in distantly related species, indicating probable 40 convergence on specific sex and neo-sex chromosomes. We also characterize strong heterochiasmy with 41 2.7-fold more crossovers in maternal than paternal haplotypes with paternal crossovers biased to 42 chromosome ends. Y chromosome crossovers are restricted to a single end of the chromosome, and this 43 chromosome contains a large interspecific inversion, although its status between males and females 44 remains unknown. Finally, we identify QTL for 21 unique growth, reproductive and stress-related 45 phenotypes to improve knowledge of the genetic architecture of these traits important to aquaculture and 46 evolution. 48 Characterizing the genetic architecture of ecologically-relevant phenotypes is essential for organism and 49 genome evolution research (Rogers and Bernatchez 2007; Gagnaire et al. 2013) and selective breeding 50 (Yáñez et al. 2014). Regions of the genome associated with specific traits can be identified by 51 quantitative trait loci (QTL) analysis (Mackay 2001) or genome-wide association studies (GWAS; Bush 52 and Moore 2012). Mapped traits can include morphological, behavioral, physiological or molecular 53 phenotypes, but must show sufficient heritable variation. Power to detect QTL is determined by the 54 number of individuals in the study (Henning et al. 2014), the effect size of the QTL, allele frequencies 55 (Mackay et al. 2009) and the degree of polygenic control of the trait (Rockman 2012; Ashton et al. 2016).
INTRODUCTION
chromosomes and others have rediploidized (Allendorf and Thorgaard 1984; Allendorf et al. 2015; May and Delany 2015; Lien et al. 2016) . Salmonid sex determination is genetically controlled (Davidson et al.
T2-T3 growth rates, two individuals for length at T2, four individuals for condition factor at T2, one the results correspond with those here, with the exception of the Brook Charr sex chromosome, which the 276 two studies identify as corresponding to opposite arms of the Arctic charr sex chromosome. This is 277 possibly due to a population polymorphism, but more work would be needed to confirm this.
278
Considering the importance of inversions to sex chromosome formation through the reduction of 279 recombination between X and Y (Lahn et al. 2001; van Doorn and Kirkpatrick 2007; Berset-Brandli et al. 280 2008) , it is interesting to note that Brook Charr has a species-specific inversion in BC35 in the female 281 map (15.1; see Figure 5 in Sutherland et al. 2016) . As is usual for salmonid linkage maps, the male-282 specific map was not produced as the low recombination frequency resulted in poorly placed male-283 specific markers (Sutherland et al. 2016) , and so it is not possible to check whether this inversion is 284 heterozygous within the species, but this will be valuable to investigate in future studies. 
290
Sex-specific recombination rate and positions of crossovers 291 Crossovers occurred 2.7-fold more often in the maternal haplotypes (total = 3679) than in the paternal 292 (total = 1368; Figure 2 ) based on the phased haplotypes of 169 individual offspring (Wu et al. 2002;  293 Sutherland et al. 2016) . The double recombinant correction (see Methods) in the autosomes removed 606 294 and 682 crossover events due to probable genotyping errors from the dam and sire, respectively, 295 providing a more accurate estimation of the heterochiasmy ratio, although the trends regarding the 296 crossover positions remained similar. Crossovers were biased towards the center of the linkage groups in 297 the dam and towards the external 20% of the linkage groups in the sire (Figure 2 ). This bias is similar to that observed in Rainbow Trout (Sakamoto et al. 2000) although reasons for it remain unknown. 
308
Separating chromosomes into fused metacentric (n = 8) and acrocentric chromosomes (n = 34) 309 indicated a higher heterochiasmy ratio in fused metacentric than acrocentric chromosomes (5.6-fold and 310 2.2-fold, respectively). The male had fewer crossovers per chromosome in the fused metacentrics (mean = 311 26.5) than acrocentrics (mean = 32.9), even though fused metacentrics are comprised of two acrocentric 312 chromosomes combined and thus are longer. In contrast, the female had approximately twice as many 313 crossovers per fused metacentric chromosome (mean = 148.9) than acrocentric (mean = 70.5). The lower 314 recombination in the paternal fused metacentrics than the paternal acrocentrics is probably due to missing 315 regions of the genetic map that are residually tetraploid that were removed during marker filtering due to not residually tetraploid and heterochiasmy can be viewed in these other chromosomes. In summary, the 323 male has fewer recombination events than the female and the crossovers are biased to the distal portions 324 of the chromosomes.
325
The identified sex chromosome had more crossovers than the average male acrocentric Genome-wide significant QTL were identified for weight, length, condition factor, specific growth rate, 337 and liver weight ( Table 2; Table S2 ). A total of 29 QTL were found to be significant at the chromosome-338 wide level (p ≤ 0.01), and these included QTL for phenotypes egg and sperm diameter, change in cortisol, 339 chloride and osmolality after an acute handling stress, growth hormone receptor gene expression and 340 hematocrit ( Table 2 ). In total, QTL were identified on 14 of the 42 Brook Charr linkage groups (Figure 3 ).
341
Several traits showed sexual dimorphism and therefore required sex as a model covariate. These 342 included weight, length, liver weight, hepatosomatic index, hematocrit, change in osmolality and cortisol 343 from stressor, resting plasma chloride, hepatic glycogen, insulin-like growth factor 1 and igf receptor 1 344 (Table S1 ). Specific growth rate, condition factor, change in chloride, resting plasma osmolality and 345 glucose, and growth hormone receptor gene expression did not show sexual dimorphism. Traits with high 346 phenotypic correlation included length and weight (r = 0.90 at T1), and liver weight and hepatosomatic 347 index (r = 0.85; Figure S1 ). Specific growth rate T1-T2 was negatively correlated with weight at T1 (r = -348 0.64), suggesting that larger individuals measured at T1 subsequently grew slower than smaller were not highly correlated, QTL were identified for condition factor and weight in the same region of 
363
A few specific trait-linkage group combinations had elevated LOD across a large portion of the
364
LG. This was observed for length and weight on BC03, BC04 and BC05. To determine if this was due to 365 one specific marker type, the three marker types were each tested independently for QTL (female-specific 366 nn x np; informative in both parents ef x eg; and semi-informative hk x hk). Interestingly, when including 367 markers only polymorphic in the female (i.e. nn x np) these elevated LOD baselines were not observed 368 (data not shown). It is possible that this may be therefore due to an effect originating from paternal alleles,
369
which have strong linkage across the entire LG. As these QTL explained a substantial amount of variance variation. The QTL with broad elevated LOD on BC04 and BC05 (see above) individually explained 5.5 375 and 8.2% of the variation, respectively. QTL for condition factor varied depending on the sampling time
376
(T1-T3), where each time point had a QTL at a different LG that explained over 10% of the trait variation 377 within the time point. However, trait variation was small for this trait and therefore effect sizes of the 378 QTL were also small ( Table 2) . QTL for specific growth rate (SGR) were identified on BC03, BC09 and 379 BC36, with three QTL explaining 26% of the SGR (T2-T3) trait variation (Table 2) . in Table S1 and on QTL can be found in Table 2 and Table S2 . Figure 3 ). Change in cortisol from acute handling stress was highly dependent on sex; the 398 identified QTL explained 9% of the trait variation whereas sex explained 43% (total PVE = 58%; Table   399 2). Females heterozygous at the marker closest to the QTL increased cortisol by 2.3 µg/dL plasma more 400 than the homozygote, and heterozygous males had 0.65 µg/dL lower than the homozygote. To further 401 demonstrate the large sex effect, averaging the two genotypes shows that females increased blood cortisol 402 by 8.6 µg/dL whereas males only increase by 0.43 µg/dL (i.e. 20-fold higher cortisol response in females).
403
Osmolality change (mmol/kg) was also affected by sex but to a lesser extent than was cortisol. More 404 specifically, the identified QTL explained 14% of the trait variance and sex explained 14.6%. For this 405 QTL, both sexes showed suggestive additive effects with the heterozygote having a value in between the 406 two homozygotes (Table S2 ). Chloride change (mmol/L) was not sex-dependent, and the identified QTL 407 on BC38 explained 18% of the trait variation. Chloride reduced in the heterozygote individuals by 2.58 408 mmol/L whereas it stayed approximately the same in the homozygote (0.3 mmol/L; Table 2 ). Resting 409 blood hematocrit was affected by sex, and two QTL were identified at the chromosome-wide level (23 410 cM on BC04 and 14 cM on BC25). Together with the sex covariate, these explained 43% of the trait (Table 1) . These observations provide further evidence for the fusion of specific 504 chromosomes together that are beneficial for maintaining within the sex chromosome environment.
505
Finally, intraspecific polymorphism in sex chromosomes occurs in Arctic Charr (Moghadam et al. 2007;  occur with both positive and negative genetic correlations between traits with common underlying biology simultaneous selective breeding of multiple traits and to avoid negative correlations between desirable two-stage approach by initially using a sire-based analysis with few markers per chromosome to identify have small confidence intervals and high percent variance explained, and therefore will be useful for length QTL in Brook Charr, further indicating the importance of this chromosome region and the value of and Céline Audet, and a grant from the Spanish Ministry of Education (Grant PR2010-0601) awarded to genetic maps: Individual and sex-specific variation in recombination. The American Journal of
